An automated design methodology incorporating industry-standard Navier -Stokes codes and a gradient-based optimizer has been developed. This system is used to redesign the well-known NASA P2 and P8 hypersonic inlets. First, the Navier -Stokes simulations of the original P 2 and P8 inlet designs are validated using numerical convergence studies and comparison with wind-tunnel experimental data for the original inlets published by NASA in the early 1970s. Second, the P 2 and P8 inlets are redesigned with the objective of canceling the cowl shock (and, in the case of the P8 inlet, the additional cowlgenerated compression) at the centerbody by appropriate contouring of the centerbody boundary. The original inlets were intended to achieve these same objectives, but detailed experimental measurements indicated that a substantial re ected shock system was present. The choice of the objective function, which is used to drive the optimization, has a signi cant impact on the nal design. Several different formulations for the objective function have been employed, and improvements of 60 -90% in the objective function have been achieved. This automated design system represents one of the rst successful combinations of numerical optimization methods with Reynolds-averaged Navier -Stokes uid dynamics simulation for high-speed inlets, and demonstrates a new area in which high-performance computing may have considerable impact on problems of military and industrial signi cance. 
Nomenclature
N BL = number of points in incoming centerbody boundary layer N cent BL = number of points in centerbody boundary layer at throat N cowl BL = number of points in cowl boundary layer at throat Dy u max = height of grid cell with greatest y extent 
R
ECENTLY there has been work on integrating design and computational uid dynamics (CFD ). Compared to windtunnel testing of designs, this process is lower in cost and can be completed in a relatively short period of time. For example, experimentally validated Navier -Stokes codes have been developed and used for turbomachinery design. 1 Typically, these codes are used by expert designers, who guide the selection of designs and shape modi cations. Improvements are achieved by a manual, labor-intensive process. The complex ows in aerodynamic applications make it unlikely to attain optimum designs manually. Automatic design optimization techniques are thus essential to exploit the potential gains of using CFD in the design process.
Recently there has been work to automate the design process. This involves a description of the shape by a set of parameters and an objective function that describes the desired design goal. Aerodynamic shape optimization of inlets has been performed to minimize the peak inlet Mach number. 2 Nonlinear optimization has also been used in inlet design by coupling optimization with an inviscid ow solver to minimize total pressure loss. 3 Optimum shape design for minimization of drag for high-speed civil transport has been investigated using a simulated annealing algorithm. 4 Genetic algorithmbased optimization has been used for drag minimization over aerofoils. 5 A simpli ed scramjet-afterbody con guration has been optimized for axial thrust, using sensitivity analysis and analytical expressions for derivatives used in the optimization. 6 Optimization techniques based on control theory, which use adjoint equations for gradient calculation, are used for aerofoil and wing design. 7, 8 We have developed a prototype software system that combines Navier -Stokes simulations and numerical optimization methods. This system has been tested by redesigning the P2 and P8 inlets. The P2 and P8 inlets 9 were designed in the 1970s for a proposed hypersonic cruise vehicle for Mach 10 to 12. Models were built at approximately one-third scale and tested in the NASA Ames Research Center's 3.5-ft hypersonic wind tunnel. There was a forebody wedge of 6.5 deg, intended to match a design Mach number of 6 at the inlet entrance under the test conditions of a freestream Mach number of 7.4 (see Fig. 1 ). The freestream conditions at the entrance to the inlet were M = 5.8, = 2.69 3 10 6 Pa, = 770 K, and the p T t t 0 0
incoming centerbody boundary layer was turbulent and had a thickness of d0 = 1.1 cm. The cowl was designed with a leading-edge diameter of 0.114 cm and both centerbody and cowl were cooled to maintain a temperature of 302 K. The P2 inlet cowl boundary layer was laminar. In the case of the P8 inlet, the cowl boundary layer transitioned from laminar to turbulent halfway between the cowl leading edge and the throat station.
In the P2 inlet, a pressure rise by a factor of 2 (thus the name P2) was obtained by the shock generated at the cowl leading edge. In the case of the P8 inlet, the pressure rose by a factor of 2 across the cowl shock, and an additional factor of 4 of compression was obtained by a compression wave system generated by the curvature of the cowl. Extensive experimental data were gathered by Gnos et al. 9 Since then, several researchers 10, 11 have performed two-dimensional Navier -Stokes simulations of these inlets, the earliest being Knight.
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The original internal contours were designed with the objective of providing high total pressure recovery and approximately uniform static pressure at the throat. To meet this objective, it was deemed essential to cancel the incident shock (and additional compression system in the case of the P8 inlet) through surface turning at the point of impingement of the shock on the centerbody. 9 The necessary surface turning was computed using the method of characteristics in conjunction with a boundary-layer model. The experimental results, however, showed that the cowl shock was not canceled by the centerbody contour for either inlet.
We select as our objective the same goal as was used in the original NASA study, namely, to cancel the incident cowl shock (and in the case of the P8 inlet, additional cowl compression) through redesign of the centerbody surface geometry, while retaining the same approximate overall static pressure rise. The cowl surface is unchanged, thereby yielding the same incident wave system as the original inlets. The achievement of our objective would imply an approximately uniform static pressure at the inlet throat, which is a condition generally considered desirable at the combustor entrance. 
II. Validation of CFD Codes
It is essential to con rm that the ows in the P2 and P8 inlets, which are characterized by high Mach number, high gradient of ow variables near shocks, and shock boundarylayer interactions, are accurately predicted by the CFD codes. This is a precondition for any redesign using CFD codes. The GASPv2.2 (General Aerodynamic Simulation Program from Aerosoft Inc. 13 ) and NPARCv2.1 14, 15 codes are employed for the Navier -Stokes simulations. As indicated later, they accurately predict the ows in the P2 and P8 inlets.
The NPARC code, which is employed for P2 optimizations, uses the Beam -Warming approximate factorization algorithm. The GASP code, which is employed for P8 optimizations, uses Roe's method for the inviscid uxes and central differencing for the viscous stresses and heat transfer. For both P2 and P8 calculations, turbulence is incorporated using the k-« model with the Chien low Reynolds number correction. 16 We use the Chien k-« model 16 in the EDDYBL turbulent boundary-layer code of Wilcox 17 to generate the in ow pro le immediately upstream of the inlet that matched the experimental conditions. This pro le is used as a xed upstream boundary condition for the CFD codes and is propagated throughout the domain to give an initial ow eld for the calculations.
Prior to optimization, we performed a grid re nement study for the original P2 and P8 inlets. Tables 1 and 2 show properties of each grid. In constructing the grids, the shape of the inlet is determined using spline interpolation through the (x, y) points speci ed in Table 1 of Gnos et al. 9 However, the leading edge of the cowl is extended 2.79 cm upstream to correctly position the shock wave generated by the cowl. This adjustment, identical to the technique employed by Knight, 12 is required since the details of the blunt-body shock in the immediate vicinity of the cowl leading edge are not resolved. Our grids use equal spacing in the x direction and exponential spacing in the y direction (near both the cowl and centerbody) with an upper limit on cell growth. The experimental data 9 indicate an incoming centerbody boundary-layer thickness d0 of 1.1 cm, and Tables 1 and 2 show that the number of points our grids have in this centerbody boundary layer compares favorably (Tables 1 and 2 ). On the basis of the grid re nement studies, we conclude that the numerical uncertainty in the objective functions is 610%. During computations of the inlets the L2 residual drops by four orders of magnitude.
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Our ow simulations for the P2 and P8 inlets are in good agreement with experiments of Gnos et al., 9 thereby justifying the use of GASP/NPARC in optimization. The results of this simulation are of similar accuracy to those obtained by other authors. 10 -12 In the interests of brevity, only comparisons of experimental and computed pitot pressure pro les for the P8 inlet at stations 1, 2, and 3 of Fig. 1 Figure 2 shows both the experimental and computed pitot pressure for the P8 inlet at x = 1.0414 m, where the freestream pressure upstream of the wedge P`= 701.4 Pa is used to nondimensionalize pressure and = 4.14 3 10 6 Pa p tì s used to nondimensionalize the pitot pressure. The cowl shock is apparent in both the experiment and computations as a jump in pitot pressure at Y = 2.8 cm. The centerbody boundary layer and shock location agree well with the experiment. Omission of the cowl entropy layer causes a slight discrepancy near the cowl. Figure 3 shows the experimental and computed pitot pressure for the P8 inlet at X = 1.1938 m, which is downstream of the boundary-layer interaction, and Fig. 4 displays the results at the throat. The agreement between computation and experiment is good, with the discrepancies con ned to the vicinity of the cowl surface because of the omission of the cowl entropy layer. Figures 2 -4 also show that the results indicate grid convergence, except for the expected re nement of the shock. Similar agreement is found during simulation of the P2 inlet.
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III. Redesign of the P2 and P8 Inlets
The design objective is chosen to be the same as the original NASA study, namely, to cancel the cowl shock (and cowlgenerated compression in the P8 inlet) at the centerbody. Our automated design methodology changes the centerbody shape to achieve this goal while maintaining the required pressure rise. Our redesign of the inlets consists of a loop of three steps. Firstly, a parameterized space of candidate redesigns is dened. Next, the space of candidate redesigns is searched automatically using a numerical optimization method. Andnally, the objective function (measure of merit) is reconsidered to achieve the objective of shock cancellation. These steps are described in detail in the following text.
A. Parameterized Geometry Model
All inlets in our parameterized space of candidate redesigns use the same cowl contour as the original NASA inlets. This enables our new inlet designs to have approximately the same compression ratios as the original P2 and P8 inlets. We replace the original centerbody contour with a parameterized contour consisting of three sections shown in Fig. 5 . The left section is a straight line rising at angle u, which terminates at point (x l , y l ). The right section is a straight line turned through angle Du relative to the left line, starting at a point offset by (D x, Dy) from the end of the left section. The middle section is a smooth curve whose shape is uniquely determined by the requirement that it connect the left and right sections, have an angle of u1 at (x l, y l ), and match the slope at (x l 1 Dx, y l 1 Dy). This smooth curve is parametrically generated as follows:
and the six coef cients are uniquely determined (except in the Du = 0 case) by the following requirements:
The centerbody contour for our redesigned inlets is mathematically de ned to be the portion of this parameterized contour that lies between the upstream and downstream boundaries of our computational domain. This mathematical de nition does not require that the portion of the parameterized contour within the computational domain include all three sections of the full parameterized curve shown in Fig. 5 . 
B. Numerical Optimization
We use a set of C functions known as CFSQP, described in Ref. 20 , to perform the optimization. CFSQP minimizes an objective function subject to general smooth constraints. The package uses the sequential quadratic programming (SQP) method to solve a nonlinear programming problem by solving a sequence of quadratic programming problems as follows: 1) t a quadratic programming problem to the nonlinear programming problem, 2) solve the quadratic programming problem, 3) perform a search along the line de ned by the current point and the minimum of the quadratic programming problem for a point that improves the objective function while satisfying all constraints, and 4) repeat.
Fitting a quadratic program to the objective function is done by computing the Hessian of the objective function with respect to design vector, and the gradient of each constraint function with respect to the design vector. Since computing the Hessian is expensive, an approximation of the inverse of the Hessian, known as the quasi-inverse Hessian, is used. The quasi-inverse Hessian is updated on each iteration using the gradient of the objective function. In CFSQP, this update is done using the Broyden-Fletcher-Goldfarb-Shanno update formula. SQP is thus a quasi-Newton method.
Solving a quadratic programming problem is a much easier task than solving an arbitrary nonlinear programming problem. CFSQP uses the package QLD, an implementation of Powell's method of solving quadratic programming problems, to solve the quadratic programming problem at each iteration.
CFSQP terminates when one of two conditions is met. The rst condition is that the solution of the quadratic programming problem is within a certain tolerance of the current point. This means that, according to the quadratic approximation, the current point is approximately the minimum. The second condition is that the improvement in the objective function during the line minimization is less than a certain tolerance. More details on implementation may be found in Refs. 18 and 19.
C. Quantitative Measures of Flow
The measures used during optimization can be divided into two main categories. The rst category, the objective function, is used to drive the optimizer and the second is used to restrict the domain of the objective function to include only physically realizable designs. The optimizer minimizes a measure from the rst category subject to the condition that constraints in the second category are not violated. The objective functions investigated are described next: 1) A local measure, static pressure distortion at the throat, de ned by
where p is the mean static pressure at the throat
where H is the height of the throat and y9 is measured (vertically) from the lower surface.
2) A volumetric measure, average static pressure distortion sp, which is a normalized standard deviation of static pressure p(x, y), is de ned as follows:
For all n cells in the vicinity of the re ected shock (1.19868 m < x < 1.26322 m)
This region contains a portion of the re ected shock in the original P8 inlet, while omitting all of the cowl-generated compression waves. The rationale for this is that reduction in this measure would reduce the strength of the re ected shock at the centerbody.
3) A physics-based measure intended to directly measure shock strength is de ned as follows:
For all n y cells at a given x location
where Dp is the static pressure jump across the shock, p(x, y) is the static pressure distribution, and n x cells are used in the x direction.
The constraints employed include the following: 1) Mean static pressure recovery, de ned by
where p`is the static pressure immediately upstream of the inlet entrance.
2) Total pressure distortion at the throat, de ned by
where p t is the mean total pressure at the throat:
3) Mean relative total pressure at the throat, de ned by
where is the upstream freestream total pressure measured p tì n the freestream ow at the entrance to the inlet. Tables 1 and 2 show the various measures for the original P2 and P8 geometries; all improved designs will be compared with these numbers. To reduce CPU time, Grid 1 in Tables 1  and 2 (P2: 121 3 83 and P8: 1383 101) are used during the optimization. It can also be seen from Table 1 that changing from single to double precision did not change the measures signi cantly. Taken together, Tables 1 and 2 show that the numerical uncertainty in measures is probably less than 10% for the grids used in optimization (since variations of about 6 -7% occur when grids are doubled).
D. Optimization Procedure
We con gure CFSQP to minimize the objective function by simultaneously varying, in the most general case, the ve parameters x l, u1, Du, Dx, and Dy in Fig. 5 . We therefore have a ve-dimensional space of candidate inlet designs through which to search and nd an optimal design. All CFD simulations during the numerical optimization are performed using Grid 1 in Tables 1 and 2 . This gave acceptable accuracy and CPU time requirements during optimization. The value of u is xed as 0.11738 rad, and y l is computed by
These values make the ramp (left section) of the redesigned centerbody coincide as closely as possible with the ramp of the original inlets. Because of the large computational time required, not all optimizations varied all ve parameters. For the P2 optimization u1 = 0.11738. Two parameters are kept xed in the initial P8 optimizations. The parameter u 1 is xed at 0.11738 rad and the parameter Du is xed at 0.291 rad, so that the centerbody and cowl are parallel for x > x l 1 D x. In the original designs also, the centerbody and cowl contours downstream of the location where design pressures were obtained were designed to provide uniform ow and maintain the pressure ratio by staying approximately parallel.
To nd an optimal redesign of the inlets, we automatically search our space of candidate designs using CFSQP. Several measures are used by CFSQP: some are used as constraints, some are monitored, and one is used as the function that is minimized. Loose constraints on the mean static pressure recovery r p (P2: 1.9 # r p # 2.1 and P8: 7.5 # r p # 8.5) are used so that an appropriate inlet static pressure rise is obtained. The measures and are allowed to vary freely, but mons r P P t t itored to ensure that improvements in static pressure distortion did not require signi cant sacri ces in quality of the other measures of merit. In addition to the design constraints, we use one model constraint. 21 This constraint speci es that the two line segments in Fig. 5 , when extended into lines, cross at a horizontal location between x l and x l 1 Dx. We handle this model constraint in two ways. In some early optimizations, we use rule-based gradients. 22 The rules specify what to do when a point generated by CFSQP violates the model constraint. For example, it can revert from the central-difference formula to the forward-difference formula, or it can use a different step size to compute the partial derivative. In later optimizations, we explicitly pass the model constraint to CFSQP as two additional nonlinear inequality constraints.
IV. Results
In the optimal design of the P2 inlet, we minimize sp at the throat while letting x l, Dx, Dy, and Du be determined by the optimizer. This virtually eliminates the re ected shock (see Fig. 6 ) and reduces sp by 80.1% (see Table 3 ) using 60 Navier -Stokes simulations, which corresponds to ve days on a Hewlett -Packard 735/125 workstation. The reduced static pressure distortion at the throat can also be observed in Fig.  7 . As indicated in Table 4 , the optimal D x is 0.4705 m, which is more than six times the distance from x l to the throat (x = 1.1938 m). Since Dy is small, the centerbody is therefore effectively a wedge forebody joined to a straight line segment. At the optimum this line segment is also approximately horizontal. It has been found that using only x l as a free parameter in a simpler formulation for the centerbody geometry (Dx = 0, Dy = 0, and Du are chosen so that the centerbody is approxi- mately horizontal for x > x l ) can also effectively cancel the shock and reduce s p by '74%. This one-parameter optimization takes only 10 Navier -Stokes simulations compared to 60 for the four-parameter optimization, thus reducing the CPU time required to 0.8 days from 5.0 days on a Hewlett -Packard 735/125 workstation.
In our optimal design of the P8 inlet we rst attempted to minimize the re ected shock using the static pressure distortion sp at the inlet throat as an objective function. This optimization varied the parameters x l , Dx, and Dy. As seen in Fig.  8 , this is not effective in canceling the shock, because the optimizer could position the shock in such a way as to minimize sp without canceling the shock (i.e., the re ected shock intersected the cowl at the throat). Indeed, for the original P8 geometry the re ected shock also intersected the cowl at approximately the throat location, thereby yielding an approximately uniform static pressure at the throat while nonetheless failing to cancel the incident cowl shock. This demonstrates that a proper selection of the objective function is important. Table 5 shows that sp was reduced by 78.8% in this measure without canceling the shock.
We next attempted the volumetric measure sp as the objective function. A reduction of 56% was obtained when x l , Dx, and Dy were varied. To investigate the effect of a number of geometric parameters on optimization, we allowed the optimizer to also vary u1 and Du. This ve-parameter optimization resulted in an additional improvement of 9.7%. As seen in Fig.  9 , the shock strength has been reduced, but shock cancellation does not occur. This measure has been reduced by a total of 65.7% (see Table 5 , columns 5 and 6) for the ve-parameter optimization. In this case, s p and s sh are reduced signi cantly.
Lastly, the shock strength measure ssh was used as an objective. This optimization varied x l , D x, and Dy. Figure 10 shows that minimization of this measure results in effective cancellation of the shock. This measure was reduced by 89.9% (see Table 4 , columns 7 and 8). As seen in Figs. 10 and 11 , the cancellation of the shock does not completely eliminate the static pressure distortion at the throat because the growth of the centerbody boundary layer causes additional compression waves. Table 4 shows the optimum values of the parameters of the geometric description of the centerbody for the P2 and P8 optimal inlets. In the P8 optimization, the s p measure does not reduce or cancel the shock, so the parameter values are far from those for s p and s sh , which are effective in reducing the shock strength. It can be observed that the pressure ratio r p obtained by optimal designs is about 7.5. To obtain a pressure ratio closer to 8.0 and low static pressure distortion, the cowl geometry may need to be changed.
The sequence of designs for the three-parameter optimization using s sh as the objective function is shown in Fig. 12 . At each iteration CFSQP computes a gradient, then computes a search direction from the gradient, and nally does a line search. Gradients are computed using forward differences; hence, each gradient requires four Navier -Stokes calculations for this three-parameter optimization. In Fig. 12 , each gradient calculation is enclosed in a box. The line search varies the design parameters to move along a line in the speci ed direction. Within the line search, CFSQP rst tries the full Newton step (stepping to the minimum of the quadratic programming problem), and if that does not improve the objective function while satisfying the constraint, it next tries smaller steps, and continues until it nds a point that improves the objective function and satis es the constraint. In Fig. 12 , the beginning of this optimization has a line search in which the ssh initially rises, causing this particular iteration to take eight NavierStokes evaluations. Once a reasonable approximation for the Hessian matrix is built up in the optimizer, ssh usually improves in the rst step of each line search. Signi cant improvements are seen to take place within the rst 30 -40 NavierStokes evaluations.
In our redesign of the P8 inlet using ssh as an objective function, we used the geometry from the nal point of a threeparameter sp optimization as a starting point. For all practical purposes this is a reasonable starting point. As seen in Fig. 12 , convergence is achieved in approximately 25 Navier -Stokes computations. The optimization was allowed to proceed for 46 Navier -Stokes evaluations to ensure that an optimal geometry has been obtained. On the DEC Alpha 2100-4/275, this translates into 4.8 days for reaching the optimum and an additional four days to con rm that the optimum has been obtained.
V. Conclusions
An automated design methodology is applied to the redesign of the NASA hypersonic inlets. The methodology includes a Navier -Stokes code (NPARC or GASP), the gradient-based optimization method CFSQP, a multiparameter geometry model for the centerbody geometry, and constraints to ensure adequate static pressure rise. The chosen objective is the cancellation of the cowl shock (and distributed cowl-generated compression at the centerbody for the P8 inlet). This was also the intention of the original design.
The measure of static pressure distortion at the throat is successful in canceling the shock for the P2 inlet. This measure fails in the case of P8 because of the added complexity in the ow. Two of the mathematical criteria are successful in reducing the re ected wave strength for P8. The most successful method ssh, employing the direct computation of the average re ected shock strength, is reduced by 90%.
